In conjunction with a joint Texaco/DOE research project, the
Introduction
In 1992, Texaco Exploration and Production Inc. (TEPI) and the U. S. Department of Energy (DOE) entered into a costsharing cooperative agreement to conduct an enhanced oil recovery demonstration at Port Neches field, Orange County, Texas. The agreement was formulated under the DOE Class I oil program, which encourages the development of innovative technical approaches to enhanced oil recovery. The innovative aspect of this project is the application of COZ miscible flooding in waterflooded light-oil fluvial-dominated reservoirs. TEP[ agreed to disseminate the knowledge and the experience gained at Port Neches to other operators in the petroleum field.
Louisiana State University (LSU) has agreed to assist TEP1 with technology transfer efforts. LSU'S role was mainly to identify and rank waterflooded Louisiana reservoirs where the C02 EOR process may be used. To achieve this goal, LSU needed to develop a screening process that could be applied to reservoirs listed in the Louisiana Office of Conservation database. To be meaningful to interested operators, the screening method had to consider both the technical and economic feasibility of the EOR process. Because economic feasibility depends highly on COZ availability, identi~ing C02 sources and their distances to prospective reservoirs was imperative.
Once a prospect is identified, management options need to be considered. This task requires a user friendly numerical simulator. The effect of reservoir heterogeneity and well locations which is not considered in the initial screening can be investigated during the numerical simulations.
Screening for Technical Feasibility
Screening is usually performed following certain guidelines and criteria developed from laboratory tests and field experience. Screening methods include reservoir performance prediction, binary comparison, and parametric optimization. Reservoir performance prediction was excluded because of the relatively large number of reservoirs screened.
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where POj is the magnitude of the property~) in a fkthiOUS reservoir called the optimum reservoir, which gives the best response to COZ flooding. pWj, on the other hand, is the value of the property (j) in another fictitious reservoir, called the worst reservoir, which is not suited to C02 flooding. The variable Xl,j varies linearly between O and 1.
Because an exponential function is more adequate than a linear function for comparing different elements within a set, the normalized linear parameter, Xi,j, is transformed to exponential varying parameter, Ai,j using the following 
. (2)
Ai,j ranges from a minimum of 1 to a maximum of 100, To take into account the relative importance, or weight, of each reservoir parameter, a weighted grading matrix, W i, j , is determined as follows: where w j is the weight of property Q).
The reservoirs are then ranked using a ranking parameter, Ri , defined as The parameters used in the parametric optimization screening are oil API gravity, reservoir temperature, saturation of oil before the process application, porosity, permeability, ratio of reservoir pressure to COZ minimum miscibility pressure, net pay oil thickness, and reservoir dip. Other important parameters such as oil viscosity, gas to oil ratio, and bubble-point pressure were excluded for simplicity purposes. These properties, however, correlate with oil gravity, which is included in the screening.
The properties of the optimum reservoir, pO,j, used in equation 1 were obtained by performing numerical simulation on a base case to determine the set of parameters that optimized reservoir response to C02 flooding. The relative importance or weight of each parameter on process performance was determined from the average normalized slopes of the reservoir performance around the optimum value of the parameter. 1 Optimum reservoir parameters and weighting factors are given in Table 1 .
The properties of the worst reservoir, pw,j, are determined using the data of the reservoirs to be ranked. The value farthest away from the optimum is the worst value. It is conceivable to have two worst values, one lower and one higher than the optimum. Worst parameters of the reservoirs considered in this study are listed in Table 2 .
C02 Sources and Providera in Louisiana
Critical to the economic feasibility of the process is the availability and location of C02 sources. A list of COZ industrial sources and providers was compiled through personal interviews and by reviewing a brochure published by the Louisiana Chemical Association.z Some potential commercial sources/providers of COZ were also identified from a computer database compiled by Louisiana State University.3
Naturally occurring C02 reservoirs are associated with the Jackson Dome geologic structure in Mississippi. Shell operates a pipeline that runs from Jackson Dome to Week's Island field. The pipeline has two sections: a 20 inch and a 10 inch. The 20-inch pipeline crosses from Mississippi into Louisiana in St. Helena Parish and continues across St. Helena, Livingston, East Baton Rouge, Ascension, and Iberville parishes. A site just northeast of Pierre Part serves as a pumping station where the 20-inch and 10-inch pipelines connect. The 10-inch pipeline crosses Assumption, St. Martin, St. Mary, and Iberia parishes, and terminates at Week's Island field. The last 16 miles of this pipeline were leased and are temporarily being used for hydrocarbon transportation. The remaining northern portion is still used to transport a small amount of COZ to Shell projects. The pipeline is available for tap-ins. Figure 1 shows fields with at least one waterflooded reservoir, plant sources of COZ, and the location of the Shell pipeline.
Economic Screening
To be practical, the screening method considers the economic feasibility of the process. The economic screening was based on before-tax, present-worth, benefit-to-cost ratio. The economic evaluation relied heavily on data and experience gained from similar projects. Data specific to the reservoir at hand was limited to initial oil in place, area, depth, number of wells, distance to the C02 source, and the ranking characteristic parameter calculated in the technical screening phase.
In determining the project's cost, it was assumed that the C02 project could take advantage of the existing infrastructure. It was also assumed that the operating cost is charged to the C02 project. This last assumption implies that production from the candidate reservoir is at or near the economic limit.
Production Schedule. Recent studies4'5 of many field-scale CO* projects concluded that vastly different projects exhibit similar production responses to C02. Based on these studies, the estimated potential recovery of the C02 process when applied to an optimum reservoir is 15°/0 of the original oil in place, N . The potential recovery from the reservoirs in the database is obtained by multiplying the optimum recovery by the ranking parameter, Ri . This is expressed by: The potential recovery is produced according to the schedule shown in Figure 2 . The expected life of the project is 15 years. The annual revenues are calculated using the schedule with the price of oil set at $ 17/STB in the base case.
Capital Outlay. The capital needed to start a C02 project is field dependent. However, estimates using typical costs are acceptable for the purpose of screening. Capital outlay considered in this screening accounted for costs of new wells, pipeline to the C02 source, and injection and production equipment. Other equipment was assumed to be available as part of the existing infrastructure. n, isthenumber of active wells; and S is the optimum spacing. For the purpose of screening , S is assumed in the base case to be 40 acres for onshore reservoirs and 80 acres for offshore reservoirs. The number of total wells, n, , should not be less If more than one reservoir is located in the same field, the pipeline cost is shared by the reservoirs. The pipeline capacity is calculated horn Equation 13 using the incremental production from all the reservoirs to share the cost. The pipeline cost, c~l~, calculated from Equation 12 is then shared between the reservoirs on the basis of the individual incremental oil value. All capital outlay is charged during the first year of the project. C02 Cost. Published studies suggest that 6 MSCF per one STB of incremental oil is a representative average value of COZ utilization,4'* The purchase of C02 is a major expense for miscible projects, especially if C02 is obtained from industrial sources. The C02 cost for the purpose of this screening was based on availability from natural sources via the Shell pipeline. The C02 cost was estimated at $0.60/MSCF and remained constant throughout the injection period. The C02 project was not burdened with separation and recycling costs.
It was assumed that the value of produced natural gas would offset the cost of C02/natural gas separation.
Operating costs. Operating costs are site and operator specific. The average annual operating cost, COP , in U.S. dollars, however, can be predicted from the following equation:e cop= 13.298nt eO"OOO' 'D. ..................................... 
.... (]4)
It is assumed that all wells will require future workovers at an average of 0.25 workovers per well per year. The cost of a workover is estimated to be half the cost of the equipment. The annual workover cost, CWO,can then be determined using the following equation: where Cinj and C@ are expressed by equations 10 and 11, respectively. Both the technical and economic screening algorithms were written in FORTRANTM code. The economic screening may also be run on an electronic spreadsheet.
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Louisiana Waterflooded Reservoirs Database
The approach described in this paper was used to screen waterflooded reservoirs in Louisiana. These reservoirs are listed in a database available from the Louisiana Office of Conservation and Reserves. Initially, the database listed 499 reservoirs that were waterflooded. These reservoirs represented a total original-oil-in-place of 5.289 billion STB, or an average of 10.6 million STB/reservoir.
Many reservoirs were eliminated in the initial stage of screening for various reasons. Because of the high cost of transporting CO*, all of the 101 reservoirs located in North Louisiana were eliminated. An additional 188 reservoirs, mostly inactives, were eliminated because current saturation and pressure data, two key screening parameters were unavailable, Inconsistent data also led us to eliminate 13 reservoirs, leaving 197 reservoirs for screening and ranking.
Screening Results. Table 3 lists the 40 top ranked reservoirs and their relevant data. The reservoirs are ranked based on before-tax, present-worth, benefit-to-cost ratio. The economic evaluation considered shared pipeline cost. A discount rate of 15% was used in the base case. A positive value of the benefit-to-cost ratio indicates profitability.
As expected, the final ranking did not correlate with the technical ranking parameter, Ri Under the conditions established for the model, the majority of the possible candidates are not economically suitable for miscible displacement with C02. Only 20% of the reservoirs in the database look economically attractive. Nevertheless, the potential incremental oil from these reservoirs is a significant 70.6 MMSTB of oil. The economic potential of COZ depends on the well spacing, COZ price, oil price, and discount factor.
The ranking shown in Table 3 was for a base case in which a 40-and 80-acre spacing were used for onshore and offshore reservoirs, respectively. The base case used 0.6$/Mcf, 17$/STB and 15'70 for COZ price, oil price, and discount factor. Sensitivity of the COZ performance to these parameters is shown in Table 4 .
The validity of the screening approach is demonstrated by the fact that of the C02 projects contained in the database are highly ranked. These cases were considered to be profitable by the individual operator prior to the implementation of the process.
Specific Reservoir Performance
The objective of the reservoir screening and ranking is to attract the attention of operators to the potential of the miscible C02 EOR process in waterflooded reservoirs. Once this is accomplished, it is presumed that the operator will be interested in the absolute performance of a specific reservoir as opposed to its ranking relative to other reservoirs in the database. A user-friendly numerical simulator allows the screening of different implementation options. The effects of reservoir heterogeneity and well locations, which were not included in the initial screening, can be considered. Additional parameters can also be included in the simulation. COz-PROPHETM software was recommended to perform this tasks C02-PROPHET, a water-and gas-flood prediction software, was developed by Texaco with support of the U.S. Department of Energy. The simulator has been shown to be a good tool for screening and reservoir management and is being released with a detailed user manual to the industry. The hardware required to run C02-PROPHET includes an Intel@ 386-based PC or better with at least 4 megabytes of RAM and 4 megabytes of free disk space. A math coprocessor is required for the 386 or the 486SX systems.* This sotlware runs on PC compatible computers. Some of its features include: easy reservoir parameter input; several predefine patterns to simplify use; the ability to design patterns to fit most situations; fast computation; multiple flood regimes that model water, gas, and miscible floods; output in surface units and dimensionless formats; and output designed for importing data into a spreadsheet.* COZ-PROPHET computes streamlines between injection and production wells to form stream tubes. It then makes flow computations along the stream tubes. It uses the DykstraParsons coefficient to distribute the initial injection into a maximum often layers. A new case can be set up and run in a few minutes, making this program ideal for screening of EOR projects and pattern comparisons.
The use of COZ-PROPHET is demonstrated with one of the top-ranked reservoirs, fictitiously named Eden. The Eden reservoir is located in a salt dome related structure. Its initial pressure in 1949, when commercial development began, was 4500 psi. The reservoir had a large initial gas cap about 0.444 the size of the oil zone. The estimated original-oil-in-place was 11.7 million barrels of 35.2 API gravity oil. By 1972, the reservoir had produced 2.6 millions of barrels of oil, mostly due to gas cap expansion. In 1974, a waterflooding program was initiated to increase recovery. As of 1990, waterflooding had resulted in the recovery of 4.3 milIions barrels of oil. The Eden reservoir was simulated using an option that allowed for the development of a stream tube model which was stored for later investigateion of implementation options. Figure 3 shows the stream tube model of the Eden reservoir and the well locations.
Two implementation options were investigated: waterflooding and waterflooding followed by hybrid C02 displacement. For the waterflooding option, the startup conditions were those existing in 1974 at the end of the primary recovery phase. A total of 1.25 pore volumes (P. V.) of water was injected in the waterflooding option. The hybrid C02 process started after 0.7 PV. of water was injected. The two options are compared in Table 4 and Figure 4 . Figure 4 shows the expected cumulative oil recovery versus time. These data can be imported to a spreadsheet for site and operator specific economic evaluation.
Conclusions and Recommendations
A screening model was developed to rank a large number of potential reservoirs in a short period of time and with little effort. The model provides for rapid evaluation of both the technical and economic feasibility of the COZ miscible process. Of the 197 waterflooded reservoirs screened in this project, 39 looked economically attractive. The potential incremental recovery from these reservoirs is 70,6 million STB. To complement the screening model, COZ-PROPHET numerical sumulator was used. This software allowed to incorporate site-and operator-specific data that are not considered in the initial screening. 
